Road bicycles form an intrinsic part of economic transportation. The overall efficiency and performance depend solely on the weight and frame structure. The benchmarks for an innovative frame design are kept in terms of lightweight, fatigue failure, lateral stiffness, torsional stiffness, impact forces and loading capabilities. The deformation and propulsion of bicycle consume rider's energy, a reduction in deformation and mass of the frame is therefore necessary. In the present work, the structural design and a quasi static vertical load analysis of the bicycle frame are presented using finite element analysis. Corrugated tubes are introduced into the main triangle with different sets of combination and the numerical result thus obtained was compared against the standard tubular bicycle frame.
INTRODUCTION
The use of finite element analysis has become prominent on frame structures for improving the performance and at the same time to cope with the general characteristics of ideal frames [1] . The frame is solely responsible for the load distribution [2] . Modifications in the frame are made for improving the overall effectiveness by keeping the weight and stiffness into consideration. The reduction in the mass of the frame followed by high lateral stiffness [3] are the two basic requirements along with strength and vertical compliance for an ideal frame. A low mass of the frame ensures a less rider's effort whilst a high lateral stiffness assures of high momentum transfer from the applied force on pedals. The frames are subjected to various loads at different locations such as handlebars, pedal/cranks, hubs and seatposts which have been measured by researchers [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The use of simulation tools in comparing the performance of framesets under static and dynamic conditions with different materials have been presented [20] [21] [22] [23] [24] [25] [26] [27] [28] . An insight of large companies producing carbon-fibre frames in terms of design and manufacturing is presented by researchers [29] [30] [31] but no information regarding optimization is stated. Derek et al [base paper] conducted a FEA of 81 standard road bicycle frame under two standard loading conditions to quantify the vertical compliance i.e maximizing vertical displacement and lateral stiffness i.e. minimizing lateral displacement, further an optimization study was run using a BoxBehnken algorithm for finding the optimal solution for vertical and lateral load case separately and then taking both into consideration and an optimized geometry was thus obtained Table 1 . The previous study shows that the behaviour of tubes under different loading conditions is greatly influenced by variations in cross-sectional shapes. Corrugation along the periphery of the circular tube results in better control and predictability deformation when subjected to axial load [32] [33] [34] [35] [36] . Corrugated structures show exceedingly anisotropic behaviour and high stiffness transverse to the corrugation direction [37] . The previous study reveals that buckling loadand energy absorption capacity can be easily enhanced by changing cross-section from circular to corrugated [38] and the degree of amplitude and wavelength of corrugation plays a critical parameter of tubes in terms of peak crushing force and energy absorption [39] [40] .This paper has numerically analyzed the behaviour of the frame when corrugated tubes used as a substitute for circular to get the best possible combination.
METHODOLOGY
The structural analysis for the frame was carried using ANSYS. The 3D model of the bicycle frame was done in SOLIDWORKS software using weldment feature as shown in Fig.1 . Six sets of the model are considered to get optimize combination in terms of stiffness and mass of the diamond frame.
The dimensions of the frame are shown in Table 1 . Initially, all the three tubes were taken as standard tubular structures. A corrugated tube of the same mean diameter was then introduced to all sides of the main triangle. Thirdly, down tube was kept circular and the remaining two corrugated, then the top tube was kept circular and other two as corrugated. Downtube and seat tube was then made corrugated in the fifth and sixth set respectively as downtube being the greatest strain energy absorber followed by seat tube [41] . Each model was then imported into ANSYS and the static structural code was used for conducting the vertical test. A vertical load of 2500N was applied at the seat post tube keeping the front and rear end tubes fixed in all the cases as shown in Fig. 2 . 
. Loading and boundary condition
Material selection plays a critical role in the overall mass of the structure. In this paper for the Structural steel was taken as being the most commonly used material and for validating the results obtained from optimize frame geometry [1] . Fig. 3 shows the structural model and deformation modes for the conventional tubular diamond frame i.e AC. The mass of the frame was 1.2017 kg and a maximum deformation of 1.24105 mm was induced in the frame as a result of a vertical load along with a maximum Von Mises stress of 262.89 MPa. The results obtained from the deformation of AC frame was kept as a benchmark for comparison of the remaining framesets. For making the comparison easier between the frames a unit was formed as DPK (deformation per kilogram). Fig.  4 shows the deformation modes for ACR frame is shown. This was antipode to the former as all tubular sections of the main frame were replaced by corrugated ones, this led to an increase of 4.96% in total mass of the frame while on the other hand decrease in total deformation and directional deformation was reduced by 17.64% and 44% respectively. The DPK for this configuration also tallied the lowest in the column for ACR indicating the most stiff frame over the comparable ones. In Fig. 5 when down tube was kept circular and the remaining two corrugated i.e. DC a completely different behavior was observed. The configuration unsurprisingly increased the weight by a total of 3.22% but the Von Mises stress induced was highest and recorded as 964.06 MPa which was well over the conventional AC frame by 266.71% and the directional deformation as the lowest. Figure 5 represents the deformation modes when only top tube was kept circular, the behavior differs from the DC frame only in terms of stress-induced as stress lowers by approximately two and a half times. 
3D model , total deformation and directional deformation for TC frame
The results of the DCR frame shows minimal change in its values from AC frame. It was quite evident from the results that the region of maximum stress in case of the vertical load was near the junction of the top tube, seat tube, and seat stays. The last configuration was therefore obtained by introducing corrugated tube in seat tube only and the deformation modes for this is shown in Fig. 8 The overall increase in weight was minimum in this case as it increases only by 1.52% along with the maximum reduction in deformation by 24.79%.
CONCLUSION
In this paper a finite element model of standard diamond frame was created to simulate the behaviour under static vertical loading. For increasing the strength and effectiveness of the frame, corrugated tubes were introduced into the main frame replacing the conventional tubular structure. Six different models were formed as a result of combinations of top tube, seat tube and down tube. Based on the behaviour of each frame following points can be concluded:
1. The conventional frame has the lowest mass.
2. The deformation in AC frame was found to be maximum in comparision to all other six frames.
3. Introduction of corrugated tubes in the main frame results in increase in Von Mises stresses along with decrease in total deformation.
The highest Von Mises stress was recorded as 964.06
MPa when down tube was kept circular whilst toptube and seattube as corrugated.
5.
The reduction in total deformation in SCR was highest by 24.79%.Along with a least increse in mass which was 1.52%.
6. This model opens up the scope of using different cross-sections in diamond frame and further research is required with different materials and geometries for increasing the strength of the frame without indemnifying industry standards. 
